We have measured the subpicosecond optical response of a solid-state, semiconductor-to-metal phase transition excited by femtosecond laser pulses. We have determined the dynamic response of the complex refractive index of VOa thin films by making pump-probe optical transmission and reflection measurements at 780 nm. The phase transition was found to be largely prompt with the optical properties of the high-temperature metallic state being attained within 5 ps. The ultrafast change in complex refractive index enables ultrafast optical switching devices in VO,.
The dynamics of solid-state phase transitions are amenable to study by ultrashort pulsed lasers. Ultrafast optical techniques effectively probe the cooperative structural change in the time domain in order to study precursors, soft modes, metastable states, and post-transition relaxations. We have employed femtosecond laser pump-probe techniques to investigate the dynamics of the solid-state phase transition in VOa near 68 "C. This is the first time that any phase transition incorporating both a lattice type (symmetry) change and an electronic band change (semiconductor to metal) has been studied on a femtosecond time scale. Femtosecond laser pulses have previously been used to probe the dynamics of solid-state phase transitions in the ferroelectric materials PbTiOs ,I KNbOs, and BaTiO, .a In that case, there was a lattice symmetry change, but the transition was from a nonconducting ferroelectric low-temperature phase to a similarly nonconducting paraelectric phase. In another study of solids, the purely electronic Mot-t transition in CuCl had been investigated using femtosecond laser pu1ses.a thin films for laser excitation through the first-order phase transition. Femtosecond laser excitation at 780 nm for an amplified, self-mode-locked Ti:sapphire laser was used in a pump-probe configuration to excite the V02 flrn through the phase transition, from the low-temperature equilibrium state, a semiconductor with a monoclinic unit cell, to the hightemperature state, a metal with a rutile unit cell. The transient optical reflection and transmission were measured on a femtosecond and picosecond time scale by a delayed probe pulse at 780 mn. The slower behavior for nanosecond and longer times was measured using a cw HeNe laser at 633 mn and a fast photodiode (7,ise -1 ns). We have transformed the raw measurements of dynamic reflection and transmission to complex refractive index using a thin film model.
The first attempt to measure the switching speed of the optically induced phase transition in VO, was made by Roach and Balberg4 exciting with 20 ns ruby laser pulses at 694 nm and probing with a cw HeNe laser. They found the transition to be faster than their experimental resolution. Subsequently, Becke? and Walser6 conducted the first pumpprobe measurements on the VOa phase transition using 30 ps pulses from a mode-locked Nd:YAG laser, exciting and probing at 1064 nm. Again, the transition was abrupt and proved to be faster than the experimental resolution. Other experiments in which VOa films were excited with picosecond pulses at 532 and 1064'nm did not always show an abrupt transition to the metallic state.7'8 In some cases an intermediate state was observed. However in all the cases where an abrupt transition was observed, the speed was faster than the experimental resolution dictated by 25-30 ps pulses. The important measurement of the switching time for the phase transition had not yet been made and was a motivation for our work.
The VO, samples used in these experiments were fabricated by a new low-temperature process compatible with polymer substrates.g In summary, the process involved sputtering vanadium in an oxygen-hydrogen-argon plasma at a temperature <250 "C, followed by annealing in a static nitrogen atmosphere at a temperature 2290 "C. The films were verified to be polycrystalline, stoichiometric VOz by TEM/ TED (transmission electron microscopy/transmission electron diffraction) and x-ray analyses. The electrical resistivity versus temperature and optical transmission and reflection spectra were identical to those for conventionally processed VO, films. The films used in our experiments were all deposited on glass microscope slides. During the transient optical experiments, the film was held just below the phase transition onset temperature, at 4041 "C, by an electrically heated and insulated substrate holder. The optical transmission and reflection spectra of the film are shown in Fig. 1 for both the cold (semiconducting) state at 20 "C and the hot (metallic) state at 90 "C. The film used in our experiments was 32 run thick as determined by fitting the measured transmission and reflection of the semiconducting state versus wavelength from 500 to 2000 nm to that calculated by a homogeneous thin-film model using reported values for the complex permittivity of a VOz thin filn~'~ In the experiments reported here, we have measured the
The optical setup used to conduct the pulse-probe measubpicosecond response of the optical parameters of VO, surements was relatively conventionaL1' The laser source was a cw self-mode-locked Ti:sapphire laser at 780 nm wavelength with a regenerative amplifier operating at 20 Hz and a grating pulse compressor.1513 The pulse width was measured by background-free, sum-frequency generation to be in the range of 450-550 fs FWHM (assuming a sech2 intensity profile). The femtosecond probe beam and the cw HeNe beam diameters at the sample plane were adjusted to be less than one-third of the pump beam diameter. Beam overlap and diameters at the sample plane were measured using a CCD camera. The pump beam average power at the sample was adjusted to be just sufficient to excite the complete phase transition. This resulted in a pump fluence of 3.7 mJ/cma at the sample, in good agreement with the film temperature, heat capacity, and the latent heat of the phase transition. For each delay line position, both the desired peak voltage (reflection or transmission) and the peak reference voltage were measured using a digitizing oscilloscope. In addition, frequent measurements were taken with the pump beam blocked and used to correct for small changes in beam position as the delay was changed. Data for transmission and reflection were fit at large negative time delay to the transmission and reflection measured by the spectrometer at 780 nm. The resulting data is a record of transient transmission and retlection vs delay time from -7 to 400 ps. The transient transmission and reflection of the VO, film is shown in Fig. 2 . The absorption is also shown, and was calculated using absorption=(l-transmission-reflection).
It was particularly instructive to present the data in this way because, at the phase transition, the decreased reflection loss and increased absorption almost cancel, resulting in only a small change in transmission. It is immediately apparent that the VO* film attains an optical state very close to the final state in less than 10 ps. The observed change at 400 ps was equal to the change observed when the sample was heated through the phase transition by static means. This was determined by heating the sample through the phase transition, with and without femtosecond excitation applied, while monitoring the nanosecond and static optical parameters with the cw HeNe laser. Thus, the final reflection and transmission state reached by pulsed laser excitation was identical to that reached by equilibrium heating. Conversion of the data to a refractive index format was done using a thin-film model for the VO, film and substrate. A coherent reflection was assumed from the film-substrate interface, and an incoherent reflection was assumed for the substrate rear interface since the 500 fs pulse was shorter than the substrate thickness. A numerical solver routine was used to obtain a best-fit value of n and k for each delay time given the measured values of transmission and reflection. The entire data set for complex refractive index, ri =pt -jk, is shown in Fig. 3(a) while the time interval near zero delay is expanded in Fig. 3(b) . In the latter, the asymptotic values for both iz and k are shown as horizontal lines. The real part of the refractive index, it, was just over halfway to the metallic value by the end of the 500 fs excitation pulse. It then decreased more slowly to the steady-state value by 5 ps. On the other hand, the imaginary part of the refractive index k, was equal to the metallic value by the end of the excitation laser pulse and overshot by 36% at 7 ps. After smaller fluctuations, both n and k had reached their final values by 300 ps. If the laser energy was not in excess of that required for the phase transition, decay back to the low-temperature semiconducting state was observed on a nanosecond time scale consistent with heat conduction to the substrate.
For the interval from 0.5 to 15 ps in Fig. 3(a) , both n and k are greater in magnitude than their corresponding equilibrium metallic values. This deviation could be explained by a plasma of both higher electron density and higher electron collision frequency than is present in the equilibrium metallic phase. The permittivity of VOa is assumed to be of the form of a constant contribution plus a contribution due to free carriers, which can be written as ii"=Em+Efc=;;,+q -Ne" Qm*(v2+ 02) Ne2v -I e~m*w (e2+ciJ2) 0) where .$, is the constant contribution in the metallic phase, gfc is the contribution of the free carrier plasma, N is the electron density, m * is the electron effective mass, and v is the electron collision frequency. We plan to address the details of this plasma model in a forthcoming publication. We conclude that, if indeed the VO, state after 500 fs can be represented by its metallic phase plus a higher density electron plasma, then the transition to the metallic phase must have occurred during the interval of the pump phase. This then establishes an upper limit of roughly 500 fs for the switching time of the phase transition.
In generalizing the phase transition switching time results to the near IR and visible spectral regions, one can reasonably expect the V02 film to switch in less than a few picoseconds between the semiconducting and metallic transmission and reflection spectra shown in Fig. 1 . Whether the same applies to the far-IR and microwave spectral regions depends on whether the V02 film truly has reached the hightemperature metallic phase in this short time. If so, then wide optical bandwidth, ultrafast switching devices incorporating VOZ can be synthesized that take advantage of the rapid change in complex refractive index at the phase transition.
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